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The cowpea strain of southern bean mosaic virus (SBMV-C) is a positive-sense RNA virus. Three open reading frames
(ORF1, ORF2, and ORF3) are expressed from the genomic RNA. The ORF1 and ORF2 initiation codons are located at
nucleotide (nt) positions 49 and 570, respectively. ORF1 is expressed by a 59 end-dependent scanning mechanism, but it is
not known how ribosomes gain access to the ORF2 initiation codon. In experiments described here, it was demonstrated that
the translation of ORF2 was sensitive to cap analog in a cell-free extract. In vitro and in vivo studies showed that the addition
of one or more AUG codons between the 59 end of the SBMV-C RNA and the ORF2 initiation codon reduced ORF2 expression
and that elimination of the ORF1 initiation codon increased ORF2 expression. Altering the sequence context of the ORF1
initiation codon to one more favorable for translation initiation also reduced ORF2 expression in vivo. Nucleotide deletions
and insertions between SBMV-C nt 218–520 did not abolish ORF2 expression. In most cases, these mutations resulted in
reduced expression of both ORF1 and ORF2. These results are consistent with translation of ORF2 by leaky scanning. © 1998
Academic Press
INTRODUCTION
SBMV-C is a member of the sobemovirus group of
positive-sense RNA viruses (Hull, 1988). Its monopartite
genome of 4.2 kb encodes four ORFs (Fig. 1) (Wu et al.,
1987). The genomic RNA serves as the mRNA for ORFs
1–3, and the coat protein (CP) gene is expressed from a
subgenomic RNA (sgRNA) that is synthesized in infected
cells (Rutgers et al., 1980; Salerno-Rife et al., 1980). A
21-kDa protein (p21) that is required for SBMV-C cell-to-
cell movement is expressed from ORF1 (Sivakumaran et
al., in press), and ORF2 encodes a 105-kDa protein (p105)
that is predicted to be proteolytically processed to pro-
duce a VPg, a serine protease, and a 70-kDa RNA-
dependent RNA polymerase (p70) (Wu et al., 1987; Gor-
balenya et al., 1988). ORF3 is predicted to be translated
by a 21 ribosomal frameshift in ORF2 as observed for
the expression of ORF2b of cocksfoot mottle sobemovi-
rus (CfMV) (Ma¨kinen et al., 1995a). Expression of ORF3
by this mechanism is expected to produce a 60-kDa
protein (p60) that may be proteolytically processed to
produce VPg, protease, and an ORF3-specific protein of
25 kDa (Wu et al., 1987). Like p21, the ORF3 protein and
the CP are required for SBMV-C cell-to-cell movement
(Sivakumaran et al., in press).
Unlike most cellular mRNAs, the SBMV-C genomic and
subgenomic RNAs are neither capped nor polyadenyl-
ated. Instead, their 59 ends are covalently associated
with VPg, and the 39 terminal 120 nt are predicted to fold
into an RNA hairpin that is conserved in the genomes of
other sobemoviruses (Ghosh et al., 1979, 1981; Ngon A
Yassi et al., 1994; Ryabov et al., 1996). Recently, it has
been demonstrated that p21 and the CP are translated
from the SBMV-C genomic RNA and the sgRNA, respec-
tively, by a 59 end-dependent scanning mechanism
(Hacker and Sivakumaran, 1997). The mechanism by
which ribosomes gain access to the ORF2 initiation
codon (SBMV-C nt 570), the fourth AUG from the 59 end
of the RNA, is not known. One possibility is that scanning
40S ribosomes may bypass the first three AUG codons to
initiate ORF2 translation, a process termed leaky scan-
ning (Kozak, 1989). This may occur if the 59 AUG codons
are present in a suboptimal sequence context for initia-
tion. In plants the optimal sequence for translation initi-
ation includes a purine at the 23 position and a G at the
14 position relative to the AUG codon (the A of the AUG
is position 11 and the U is position 12) (Lu¨tcke et al.,
1987; Cavener and Ray, 1991). Internal reading frames of
a number of polycistronic mRNAs of plant viruses have
been predicted or demonstrated to be translated by
leaky scanning (Miller et al., 1995; Fu¨tterer and Hohn,
1996). Alternatively, 40S ribosomes may bind the SBMV-C
RNA at or near the ORF2 initiation codon. This mecha-
nism termed internal ribosome entry has been described
for several cellular and viral mRNAs, most notably those
of the picornaviruses (Jackson et al., 1995). Last, ribo-
somes may terminate translation at the ORF1 termination
codon (SBMV-C nt 604) and reinitiate translation at the
ORF2 initiation codon (SBMV-C nt 570). Such coupled
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translation of tandem genes has been observed for the
expression of the M1 and BM2 proteins of influenza B
virus (Horvath et al., 1990).
In this study, the mechanism of SBMV-C ORF2 translation
initiation was investigated both in vitro and in vivo. To
perform these experiments a genome-length SBMV-C
cDNA clone was first constructed and used for the synthe-
sis of SBMV-C RNA. The effect of cap analog on ORF2
translation was determined in vitro, and the effects on ORF2
expression of the number or sequence context of AUG
codons 59 to the ORF2 initiation codon and of nucleotide
deletions or insertions within ORF1 were determined in
vitro and in vivo. The in vivo experiments involved transient
expression of an ORF2/b-glucuronidase (GUS) fusion pro-
tein from an artificial bicistronic mRNA encoding ORF1 and
the ORF2/GUS fusion gene. The results from these exper-
iments were consistent with translation of ORF2 by leaky
scanning rather than by internal ribosome entry or coupled
termination–reinitiation.
RESULTS
Effect of cap analog on SBMV-C ORF2 translation
in vitro
Capped and uncapped SBMV-C transcript RNA and
VPg-containing SBMV-C RNA were translated in wheat
germ extract in the presence of the cap analog
m7GpppG. ORF2 translation was quantitated by measur-
ing the accumulation of p70, a proteolytic product of
p105. The precursor–product relationship between p105
and p70 was determined by cell-free translation of syn-
thetic SBMV-C RNAs truncated within ORF2 (data not
shown). For comparison, the effect of cap analog on the
translation of the BMV 3a protein from capped and un-
capped BMV RNA3 transcripts was also determined
since RNA3 is translated by scanning ribosomes in a
cap-dependent manner (Shih et al., 1976; Sasavage et al.,
1979). In general, translation by 59 end-dependent scan-
ning but not by internal ribosome entry has been ob-
served to be sensitive to inhibition by cap analog (Jack-
son et al., 1995).
For capped and uncapped SBMV-C RNAs, 50% inhibi-
tion of p70 translation was observed at approximately 80
and 180 mM cap analog, respectively, and a 50% inhibi-
tion of 3a protein expression from capped and uncapped
BMV RNA3 transcripts was observed at approximately
90 and 170 mM cap analog, respectively (Fig. 2). In
contrast, the translation of p70 from VPg-containing
SBMV-C RNA was inhibited only 40% at the highest
concentration of cap analog (200 mM) (Fig. 2).
Effects of 59 AUG codons on SBMV-C ORF2
translation in vitro
If ORF2 is translated by leaky scanning, then the addition
of one or more AUG codons 59 to ORF2 was expected to
result in reduced ORF2 expression, and the elimination of
the ORF1 initiation codon was expected to result in ele-
vated ORF2 expression (Kozak, 1989). If ORF2 is translated
by internal ribosome entry, then these mutations were not
expected to affect ORF2 translation (Jackson et al., 1995). If
ORF2 is translated by coupled termination and reinitiation
of translation, then the addition of one or more AUG codons
59 to ORF1 was expected to reduce ORF1 and ORF2 ex-
pression to the same extent and the addition of an AUG
codon between SBMV-C nt 49 and 570 was not expected to
affect ORF2 expression (Kozak, 1989).
The genome-length SBMV-C cDNA clone pSBMV2
was used to generate mutants with a single additional
AUG codon at either SBMV-C nt 14 (pSBMV-A15U; the
sequence context of the AUG codon is AAGAUGG), nt 21
(pSBMV-G22U/U23G; AAAAUGG), nt 231 (pSBMV-U231A;
GGCAUGG), or nt 499 (pSBMV-G500U; GACAUGA) (Fig.
3A). The AUG codons at nt 14, 21, and 231 were not in the
FIG. 1. SBMV-C genome organization and cloning strategy. A diagram of the SBMV-C genomic and subgenomic RNAs is shown. The ORFs are
illustrated as boxes, and the viral protein translated from each ORF is indicated. The ORF3 gene product is designated p60 based on the prediction
that it is expressed by a 21 ribosomal frameshift in ORF2. The predicted site for ribosomal frameshifting is shown as a hatched box. VPg is illustrated
as a filled circle at the 59 ends of the RNAs. The positions of restriction sites used for constructing the genome-length cDNA clone are indicated. The
positions of the forward and reverse oligonucleotide primers used for cDNA synthesis and PCR are indicated by arrows beneath the diagram. The
oligonucleotides are described in Table 3.
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same reading frame as ORF1, and those at nt 14 and 499
were not in the same reading frame as ORF2 (Fig. 3A).
Although the AUG codons at nt 21 and 231 were present
in the ORF2 reading frame, nine and six in-frame stop
codons, respectively, separated the introduced AUG
codon from the ORF2 initiation codon. All of these AUG
codons were in a more favorable sequence context for
translation initiation than the ORF1 initiation codon
(UUUAUGA) (Lu¨tcke et al., 1987; Cavener and Ray, 1991).
A mutant with additional AUG codons at nt 21 and nt 231
(pSBMV-G22U/U23G/U231A) and one with the ORF1 ini-
tiation codon changed to an ACC codon (pSBMV-U50C/
G51C) were also constructed. Uncapped wild-type and
mutant SBMV-C transcript RNAs were synthesized in
vitro and translated in wheat germ extract. Following
SDS–PAGE the levels of SBMV-C p21, p70, and p105
accumulation were determined using a radioimager.
The introduction of a single AUG codon 59 to the
ORF2 initiation codon (pSBMV-A15U, pSBMV-G22U/U23G,
pSBMV-U231A, and pSBMV-G500U) reduced the level of
p70 accumulation 40–75%, while the introduction of two
AUG codons (pSBMV-G22U/U23G/U231A) resulted in an
85% reduction in the level of p70 accumulation (Figs. 4A
and 4B). In contrast, a 65% increase in p70 expression
was observed in the absence of the ORF1 initiation
codon (pSBMV-U50C/G51C) (Figs. 4A and 4B). As previ-
ously reported, the addition of an AUG codon within the
59 UTR (pSBMV-A15U, pSBMV-G22U/U23G, and pSBMV-
G22U/U23G/U231A) resulted in a 75–85% reduction in
the level of p21 accumulation (Fig. 4A) (Hacker and
Sivakumaran, 1997). As expected, the introduction of an
AUG codon within ORF1 (pSBMV-U231A and pSBMV-
G500U) did not affect the level of p21 accumulation, and
p21 expression was not observed if the ORF1 initiation
codon was changed to an ACC codon (pSBMV-U50C/
G51C) (Fig. 4A).
The molar amounts of p21, p70, and p105 synthesized
from the wild-type and mutant SBMV-C RNAs were de-
termined from the gel shown in Fig. 4A and used to
estimate the relative levels of ORF1 (p21) and ORF2 (p70
plus p105) translation initiation. From wild-type SBMV-C
transcript RNA the ratio of ORF1 to ORF2 translation
initiation was 9:1 (Fig. 4A). Introduction of an AUG codon
at nt 231 (pSBMV-U231A) or nt 499 (pSBMV-G500U) in-
creased the ratio about 3.5-fold due to reduced levels of
p70 and p105 accumulation (Fig. 4A). In contrast, the
introduction of an AUG codon within the 59 UTR at nt 14
(pSBMV-A15U) or nt 21 (pSBMV-G22U/U23G) decreased
the ratio 2- to 3-fold, indicating that these mutations had
a greater effect on the initiation of ORF1 translation than
on the initiation of ORF2 translation (Fig. 4A). The intro-
duction of two AUG codons 59 to the ORF2 initiation
codon (pSBMV-G22U/U23G/U231A) resulted in a 1.3-fold
decrease in the ratio (Fig. 4A).
FIG. 2. Effect of cap analog on the translation of SBMV-C p70 and BMV 3a protein in wheat germ extract. Uncapped, capped, and VPg-containing
SBMV-C RNAs (200 ng) or uncapped and capped BMV RNA3 (50 ng) were translated in wheat germ extract in the presence of m7GpppG (cap analog).
Equal volumes of the translation reactions were analyzed by SDS–PAGE. The levels of radiolabeled SBMV-C p70 and BMV 3a protein were quantitated
by an AMBIS Radioimaging System and normalized to the expression levels of these proteins in the absence of cap analog.
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Effects of 59 AUG codons on ORF2 translation in vivo
To determine if the addition or elimination of 59 AUG
codons affected ORF2 expression in vivo, SBMV-C nt
1–645 from pSBMV1 and the mutant constructs de-
scribed above were amplified by PCR and cloned sepa-
rately into the plant expression vector pRTL2-GUS so that
the GUS gene was fused in-frame with 75 nt from the 59
end of ORF2 (Fig. 3B). In addition, two other contructs
were generated for this experiment. First, the sequence
context of the ORF1 initiation codon was changed from
UUUAUGA to one more favorable for translation initia-
tion, ACAAUGG (pRTL2-GUS/SBMV U46A/U47C/C48A/
A52G) (Lu¨tcke et al., 1987; Cavener and Ray, 1991). Sec-
ond, a 1.4-kbp XhoI restriction fragment from pSBMV1
(SBMV-C nt 2096–3168) was cloned between the cauli-
flower mosaic virus (CaMV) 35S promoter and SBMV-C
nt 1 in the construct pRTL2-GUS/SBMV WT to produce
pRTL2-GUS/SBMV XhoI. This resulted in the addition of
19 AUG codons 59 to the ORF1 initiation codon. The
plasmid DNAs were bombarded individually into onion
epidermal cells using a biolistic gun, and expression of
the ORF2/GUS fusion protein was quantitated by deter-
mining GUS-specific activity. For controls onion tissue
was bombarded with pRTL2-GUS or with tungsten pel-
lets alone.
The addition of a single AUG codon within the 59 UTR
(pRTL2-GUS/SBMV A15U and pRTL2-GUS/SBMV G22U/
U23G) or within ORF1 (pRTL2-GUS/SBMV U231A and
pRTL2-GUS/SBMV G500U) reduced ORF2/GUS expres-
sion 25–42% relative to its expression from pRTL2-GUS/
SBMV WT (Table 1). The addition of a pair of AUG codons
59 to the ORF2 initiation codon (pRTL2-GUS/SBMV G22U/
U23G/U231A) reduced ORF2/GUS expression 66%, and
the addition of 19 AUG codons (pRTL2-GUS/SBMV XhoI)
resulted in background levels of ORF2/GUS expression
(Table 1). In contrast, elimination of the ORF1 initiation
codon (pRTL2-GUS/SBMV U50C/G51C) resulted in a 47%
increase in ORF2/GUS expression, and placement of the
ORF1 AUG codon in an optimal context for translation
initiation (pRTL2-GUS/SBMV U46A/U47C/C48A/A52G)
resulted in a 76% reduction in ORF2 expression (Table 1).
Effects of deletions and insertions within ORF1
on ORF2 expression in vitro and in vivo
It may be argued that the point mutations described
above affected ORF2 expression by altering a specific
RNA secondary structure required for internal ribosome
entry on the SBMV-C RNA, as demonstrated for the
picornaviruses (Jackson et al., 1995). To address this
question deletions of SBMV-C nt 218–359 (pSBMV1-
ORF1 StyI/MluI), nt 274–359 (pSBMV1-ORF1 EcoRV/MluI),
and nt 364–520 (pSBMV1-ORF1 MluI/HinfI) were made in
pSBMV1 (Fig. 3C). The StyI/MluI deletion eliminated the
AUG codon at SBMV-C nt 269. In addition to these three
mutants, a 4-base insertion was made at the MluI site at
SBMV-C nt 359 (pSBMV1-ORF1 MluI) (Fig. 3C). Since all
of these mutations altered the ORF1 reading frame they
FIG. 3. (A) A diagram of the nucleotide positions and reading frames of
AUG codons present between SBMV-C nt 1 and 600 is shown. ORF1
(white box) and ORF2 (gray box) are present in reading frames 21 and 11,
respectively. The nucleotide positions and reading frames of AUG codons
in wild-type SBMV-C RNA and those introduced into the SBMV-C genome
by site-directed mutagenesis are marked by arrows below and above the
diagram, respectively. The nucleotide positions are based on the SBMV-C
sequence of Wu et al. (1987). (B) A diagram of pRTL2-GUS/SBMV WT is
shown. The positions of the XhoI (X), EcoRI (E), and NcoI (N) restriction
sites are indicated below the diagram. SBMV-C ORF1 is shown as a white
box, and the ORF2/GUS fusion gene is shown as a gray box. The CaMV
35S promoter and poly(A) signal are illustrated with boxes labeled P 35S
and A, respectively. (C) A diagram of the 59 end of the SBMV-C genome
illustrating the positions of the deletion and insertion mutations within
ORF1 is shown. The positions of the StyI (S), EcoRV (E), MluI (M), and HinfI
(H) restriction sites are indicated below the diagram. The expected ORF1
translation products are illustrated above the diagram with the number of
amino acids (aa) in each ORF1 protein indicated on the right. The 21, 0,
and 11 reading frames are illustrated with white, black, and gray boxes,
respectively.
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were also useful in testing the coupled termination–
reinitiation model of ORF2 translation.
Uncapped wild-type and mutant SBMV-C transcript
RNAs were synthesized in vitro and translated in wheat
germ extract. The radiolabeled proteins were analyzed
by SDS–PAGE, and the levels of both p21 and p70 were
quantitated using a radioimager. p21 expression from the
EcoRV/MluI and StyI/MluI deletion mutants and the MluI
insertion mutant was reduced 40–55% relative to its ex-
pression from wild-type SBMV-C transcript RNA (Fig. 5).
Little difference was observed in p21 expression in ex-
tracts programmed with wild-type SBMV-C RNA or RNA
from the MluI/HinfI deletion mutant (Fig. 5). The expres-
sion of p70 from the EcoRV/MluI deletion mutant and the
MluI insertion mutant was reduced 50% compared to its
expression from wild-type SBMV-C RNA (Fig. 5). A 20%
reduction in p70 expression was observed in extracts
programmed with RNA from the StyI/MluI deletion mu-
tant (Fig. 5). The absence of the AUG codon at nt 269 may
have contributed to a higher level of p70 expression from
the StyI/MluI deletion mutant than from the EcoRV/MluI
and MluI mutants. In contrast to these results, p70 ex-
pression from the MluI/HinfI deletion mutant was in-
creased 65% relative to its expression from wild-type
RNA (Fig. 5).
For the analysis of ORF2 expression in vivo, SBMV-C nt
1–645 from the plasmids described above were cloned
into pRTL2-GUS to produce an ORF2/GUS fusion gene as
illustrated in Fig. 3B. The plasmids were bombarded
separately into onion epidermal tissue, and ORF2/GUS
expression was quantitated by measuring GUS specific
activity. ORF2/GUS expression was reduced 10–20% in
tissue containing the EcoRV/MluI deletion mutant, the
StyI/MluI deletion mutant, or the MluI insertion mutant
(Table 1). The elimination of an AUG codon by the StyI/
MluI deletion may have contributed to the slightly higher
levels of ORF2/GUS expression in cells containing this
plasmid. In contrast to the results from the in vitro ex-
periments described above, ORF2/GUS expression was
reduced 40% in cells bombarded with the MluI/HinfI
deletion mutant (Table 1).
DISCUSSION
The sensitivity of SBMV-C ORF2 translation to cap
analog is not consistent with an internal ribosome entry
FIG. 4. Effects of additional AUG codons on ORF2 translation in wheat germ extract. (A) Transcript RNAs synthesized from pSBMV1 (WT) and the
SBMV-C mutants indicated in the figure were translated in wheat germ extract. Equal volumes of the translation reactions were analyzed by
SDS–PAGE, and the levels of p105, p70, and p21 were determined using an AMBIS Radioimaging System. The positions of p105, p70, and p21 are
marked with arrows. The molar ratio of ORF1 translation products (p21) to ORF2 translation products (p105 plus p70) produced by each RNA is shown
at the bottom of the figure. (B) The levels of p70 accumulation determined from the gel shown in (A) and from a second independent experiment that
is not shown were averaged and normalized to the level of p70 expression from pSBMV1 RNA (WT).
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model of ORF2 expression. It has been shown that pi-
cornavirus translation by internal ribosome entry is en-
hanced in cell-free extracts by the presence of 50–100
mM cap analog (Pelletier and Sonenberg, 1989; Anthony
and Merrick, 1991; Scheper et al., 1992). By comparison,
ORF2 translation from capped and uncapped SBMV-C
TABLE 1
Expression of ORF2/GUS Fusion Protein in Onion Epidermal Tissue
Plasmid DNA GUS-specific activitya Relative GUS-specific activityb
pRTL2-GUS 903 6 77
No DNA 2 6 1
pRTL2-GUS/SBMV WT 46 6 5 1.00
pRTL2-GUS/SBMV A15U 34 6 7 0.75
pRTL2-GUS/SBMV G22U/U23G 29 6 3 0.65
pRTL2-GUS/SBMV U231A 28 6 2 0.63
pRTL2-GUS/SBMV G500U 26 6 2 0.58
pRTL2-GUS/SBMV G22U/U23G/U231A 15 6 1 0.34
pRTL2-GUS/SBMV XhoI 0 6 1 0.00
pRTL2-GUS/SBMV U50C/G51C 67 6 5 1.47
pRTL2-GUS/SBMV U46A/U47C/C48A/A52G 11 6 1 0.24
pRTL2-GUS/SBMV EcoRV/MluI 37 6 1 0.81
pRTL2-GUS/SBMV StyI/MluI 51 6 3 1.11
pRTL2-GUS/SBMV MluI/HinfI 28 6 3 0.61
pRTL2-GUS/SBMV MluI 34 6 6 0.76
a GUS specific activity is expressed as pmol MU/min/mg protein. The results of four independent experiments were averaged. The background level
of GUS specific activity from onion tissue bombarded with tungsten pellets alone was subtracted from all of the other samples.
b The GUS specific activity determined for each sample was normalized to the GUS-specific activity determined from tissue bombarded with
pRTL2-GUS/SBMV WT.
FIG. 5. The effects of ORF1 deletions and insertions on ORF1 and ORF2 expression in wheat germ extract. Transcript RNAs (200 mg) synthesized
from pSBMV1 and the four SBMV-C mutant constructs indicated in the figure were translated in wheat germ extract. The radiolabeled proteins were
separated by SDS–PAGE, and the levels of p21 and p70 accumulation were determined using the AMBIS Radioimaging System. The results from two
independent experiments were averaged, and the levels of p21 and p70 were individually normalized to the levels of these proteins expressed from
pSBMV1 RNA (WT). All of the mutations used in this experiment altered the ORF1 reading frame, as shown in Fig. 3C. The wild-type p21 contains two
methionines, but the ORF1 proteins expressed from the mutants contain only one methionine.
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RNA was as sensitive to inhibition by m7GpppG as trans-
lation of capped and uncapped BMV RNA3, an mRNA
translated by a cap-dependent scanning mechanism
(Shih et al., 1977; Sasavage et al., 1979). ORF2 translation
from VPg-containing SBMV-C RNA was less sensitive to
cap analog. Similar levels of insensitivity to cap analog
have been observed for other plant viral RNAs (Herson et
al., 1979; Fletcher et al., 1990). In the presence of 200 mM
m7GTP, translation of capped alfalfa mosaic virus RNA 4
was inhibited 25–50% and translation of uncapped sat-
ellite tobacco necrosis virus RNA was inhibited 10–20%
in wheat germ extract (Fletcher et al., 1990). These RNAs,
however, are thought to be translated by a 59 end-de-
pendent scanning mechanism rather than by internal
ribosome entry (Jackson et al., 1995).
Additional evidence to support translation of SBMV-C
ORF2 by scanning ribosomes was obtained by altering
the number or context of AUG codons 59 to the ORF2
initiation codon. In vitro and in vivo studies showed that
the addition of 1 or 2 AUG codons in a favorable se-
quence context for translation initiation reduced ORF2
expression and that the elimination of the ORF1 codon
resulted in an increase in ORF2 expression. Further-
more, in vivo studies demonstrated that the addition of 19
AUG codons to the 59 UTR abolished ORF2 expression
and that the placement of the ORF1 initiation codon
within an optimal sequence context for translation initi-
ation reduced ORF2 expression. These results are con-
sistent with translation of ORF2 by leaky scanning, but
they fail to provide support for ORF2 translation by either
internal ribosomal entry or coupled termination–reinitia-
tion. If ORF2 translation was initiated by the latter, then
the addition of AUG codons between the ORF1 and ORF2
initiation codons was not expected to affect ORF2 ex-
pression, elimination of the ORF1 initiation codon was
expected to abolish ORF2 expression, and placement of
the ORF1 initiation codon in an optimal sequence context
for translation initiation was expected to increase both
ORF1 and ORF2 translation (Kozak, 1989). None of these
effects were observed, however. If ORF2 was translated
by internal ribosome entry, then alterations in the number
or sequence context of AUG codons 59 to the ORF2
initiation codon was not expected to affect ORF2 trans-
lation. If ORF1 is used as an internal ribosome entry site
for ORF2 translation, however, then enhanced ORF1
translation may have a negative effect on ORF2 transla-
tion via direct interference with internal ribosome bind-
ing. If so, then mutations which reduced ORF1 translation
were expected to result in increased ORF2 translation. It
was observed, however, that mutations which reduced
ORF1 expression in vitro (pSBMV-A15U and pSBMV-
G22U/U23G) also reduced ORF2 expression in vitro and
in vivo. Furthermore, no ORF2/GUS expression was ob-
served in onion cells which transiently expressed mRNA
from pRTL2-GUS/SBMV XhoI even though ORF1 was not
expected to be translated from this mRNA.
The results of the analysis of ORF2 translation from the
SBMV-C deletion and insertion mutants also did not
support either internal ribosome entry or coupled termi-
nation–reinitiation as the mechanism of ORF2 transla-
tion. IF ORF2 was translated by the latter, then these
mutations were expected to abolish ORF2 translation
because they altered the site of ORF1 translation termi-
nation from nt 604 to nt 398 (pSBMV-ORF1 MluI and
pSBMV-ORF1 StyI/MluI), nt 426 (pSBMV-ORF1 EcoRV/
MluI), or nt 779 (pSBMV-ORF1 MluI/HinfI) (Fig. 3C). Fur-
thermore, some or all of these mutations were expected
to abolish ORF2 translation if an RNA element with a
specific secondary structure was required for internal
ribosome entry (Jackson et al., 1995). The in vitro and in
vivo studies demonstrated, however, that the mutations
either reduced ORF2 expression 20–50% or increased
ORF2 expression. Similar effects, however, were also
observed for ORF1 translation in vitro, demonstrating
that the effects were not specific to ORF2 expression.
These results suggest that an internal RNA element of
the SBMV-C genomic RNA may be important in the effi-
ciency of ORF1 and ORF2 translation. There is no evi-
dence to suggest, however, that an RNA element func-
tions in internal ribosome binding or in coupled termina-
tion–reinitiation.
An analysis of the sequence context of the ORF1 and
ORF2 initiation codons of SBMV-C and other sobemovi-
ruses also supports translation of SBMV-C ORF2 by
leaky scanning. The sobemovirus ORF1 initiation codons
are all found in a suboptimal sequence context for trans-
lation initiation with the presence of a U at position 23
and the absence of a G at position 14 (Table 2) (Lu¨tcke
et al., 1987; Cavener and Ray, 1991). In contrast, the ORF2
initiation codons are present in a more favorable context
for translation by having a purine at position 23 (Table 2).
In other examples of leaky scanning, the initiation codon
of the 59 ORF is found in a suboptimal sequence context
(Miller et al., 1995; Fu¨tterer and Hohn, 1996). For SBMV-C
the two AUG codons at nt 56 (UUUAUGA) and nt 269
TABLE 2
Sequence Context of Sobemovirus ORF1
and ORF2 Initiation Codons
Virus ORF1a ORF2a Reference
SBMV-C UUU AUG AU AGA AUG UA Wu et al. (1987)
SBMV-B UGC AUG AG ACA AUG UA Othman and Hull
(1995)
RYMV UGU AUG AC GGG AUG GG Ngon A Yassi
et al. (1994)
CfMV UAG AUG UG AGA AUG GG Ma¨kinen et al.
(1995b)
LTSV UGU AUG CC AAC AUG CU Jeffries et al.
(1995)
a The bases in the 23 and 14 positions relative to the AUG codon
are underlined in each case.
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(UAGAUGA) are also present in an unfavorable se-
quence context. The presence of one or more AUG
codons between the ORF1 and ORF2 initiation codons is
not a characteristic common to all sobemoviruses. For
rice yellow mottle virus and CfMV the ORF2 initiation
codon is the second AUG codon from the 59 end of the
RNA (Ngon A Yassi et al., 1994; Ma¨kinen et al., 1995b;
Ryabov et al., 1996). The bean strain of SBMV (SBMV-B)
and lucerne transient streak virus (LTSV) have one and
three AUG codons, respectively, between the ORF1 and
ORF2 initiation codons (Othman and Hull, 1995; Jeffries et
al., 1995). These differences may be fortuitous or they
may reflect specific requirements for translational control
of ORF2 expression.
Overlapping ORFs encoded by the genomic RNAs of
the subgroup II luteoviruses (Veidt et al., 1992), the tymo-
viruses (Weiland and Dreher, 1989), maize chlorotic mot-
tle virus (Nutter et al., 1989), and pea enation mosaic
virus RNA 1 (Demler and de Zoeten, 1991) and by the
sgRNAs of the luteoviruses (Tacke et al., 1990; Dinesh-
Kumar and Miller, 1993) and the tombusviruses (Rochon
and Johnston, 1991) are predicted to be or have been
demonstrated to be translated by a leaky scanning
mechanism. In all of these examples, however, the dis-
tance between the initiation codons of the overlapping
genes is less than 150 nt. Extended leaky scanning as
observed for the translation of SBMV-C ORF2 has been
demonstrated for the expression of ORFII and ORFIII
from the pregenomic RNA of rice tungro bacilliform bad-
navirus (RTBV) (Fu¨tterer et al., 1997). The initiation
codons of these two ORFs are located 566 and 896 nt,
respectively, from the RTBV ORFI initiation codon. The
p39 gene of peanut clump furovirus (PCV) has been
shown to be translated by leaky scanning in vitro (Herzog
et al., 1995). In this case, the initiation codon of the PCV
p39 gene is located more than 600 nt from the initiation
codon of the PCV coat protein gene at the 59 end of the
RNA. Finally, internal ORFs of RNA segment S12 of rice
dwarf phytoreovirus and RNA segment S9 of wound
tumor phytoreovirus are translated by leaky scanning
even though the initiation codons of these ORFs are
located more than 200 nt from the initiation codon of a 59
ORF (Suzuki et al., 1996).
The results presented here are consistent with expres-
sion of SBMV-C ORF2 by leaky scanning rather than by
internal ribosome binding or coupled termination–reini-
tiation. It was estimated that the ratio of ORF1 to ORF2
translation initiation events in wheat germ extract was
approximately 9:1. Several factors including the se-
quence context of the ORF1 and ORF2 initiation codons,
the number and context of the intervening AUG codons,
and the distance between the ORF1 and ORF2 initiation
codons may contribute to the establishment of the levels
of translation of these two genes. In addition, the rate of
elongation of ribosomes translating ORF1 may affect
initiation of ORF2 translation as demonstrated for the
translation of other bicistronic mRNAs (Fujardo and Shat-
kin, 1990; Dinesh-Kumar and Miller, 1993). This is sup-
ported by the observation that the addition of an AUG
codon to the SBMV-C 59 UTR (pSBMV-A15U and pSBMV-
G22U/U23G) reduced ORF1 translation to a greater ex-
tent than ORF2 translation (Fig. 4A). These results may
be explained if a decrease in the number of ribosomes
translating ORF1 resulted in an increase in the number of
ribosomes scanning to the ORF2 initiation codon. Further
experimentation will be required to confirm this obser-
vation.
MATERIALS AND METHODS
Construction of a genome-length SBMV-C cDNA
clone
RNA was isolated from purified SBMV-C as previously
described (Hacker and Sivakumaran, 1997). Oligonucle-
otide SBMV22 (Table 3), complementary to the 39 end of
the SBMV-C genome, was used to prime cDNA synthesis
by AMV reverse transcriptase (Boehringer Mannheim)
according to the manufacturer’s specifications. A nonvi-
ral SmaI site was present at the 59 end of SBMV22.
SBMV-C cDNA was used as a template for the amplifi-
cation of four overlapping regions of the SBMV-C ge-
nome by the polymerase chain reaction (PCR). PCR was
performed with Pfu DNA polymerase (Stratagene) and
the following pairs of oligonucleotides: SBMV2 and
SBMV9 (SBMV-C nt 1–628), SBMV5 and SBMV8 (SBMV-C
nt 547–1700), SBMV3 and SBMV4 (SBMV-C nt 1637–
3462), and SBMV7 and SBMV22 (SBMV-C nt 3247–4194)
(Table 3; Fig. 1). Oligonucleotide SBMV2 included the
sequence for the bacteriophage T7 RNA polymerase
promoter in addition to two nonviral G residues between
the promoter and SBMV-C nt 1.
The SBMV2/SBMV9 PCR product was cloned as a
blunt-end fragment into the HincII site of pUC19 to
produce pORF1. The three other PCR products were
cloned separately into HincII-digested pBluescript
(KS1) (Stratagene) to produce pORF2A (SBMV5/
SBMV8), pORF2B (SBMV3/SBMV4), and pORF4
(SBMV7/SBMV22). The EcoRI/HindIII fragment
(SBMV-C nt 1662–3433) from pORF2B was cloned into
EcoRI/HindIII-digested pORF2A to produce pORF2.
The NdeI/HindIII fragment (SBMV-C nt 593–3433) from
pORF2 was then cloned into NdeI/HindIII-digested
pORF1 to produce pORF1/2. Finally, the HindIII/ClaI
fragment from pORF4 (including SBMV-C nt
3433–4194) was cloned into HindIII/EcoRI-digested
pORF1/2. In this step, the ClaI and EcoRI sites, present
in the multiple cloning sites of the respective vectors,
were made blunt with Klenow fragment prior to liga-
tion. The resulting genome-length SBMV-C clone was
designated pSBMV1. Digestion of this clone with SmaI
produced a 4.2-kbp DNA fragment which contained
the SBMV-C cDNA and the T7 RNA polymerase pro-
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moter. This fragment was cloned into the SmaI site of
pUC129 to produce pSBMV2. pUC129 was generously
provided by Dr. Noel Keen (University of California-
Riverside). Both pSBMV1 and pSBMV2 were used as
templates for the production of infectious SBMV-C
RNA (Sivakumaran et al., in press).
Construction of SBMV-C mutants
pSBMV2 was used for oligonucleotide-directed mu-
tagenesis according to the method of Kunkel (1985).
pSBMV-U231A, pSBMV-G500U, and pSBMV-U50C/G51C
were generated using the oligonucleotides SBMV66,
SBMV67, and SBMV85, respectively (Table 3). Two other
mutants, pSBMV-G22U/U23G and pSBMV-A15U, were
described previously (Hacker and Sivakumaran, 1997).
pSBMV-G22U/U23G/U231A was constructed by site-di-
rected mutagenesis of pSBMV-G22U/U23G using oligo-
nucleotide SBMV66. All mutations were confirmed by
DNA sequencing.
The genome-length SBMV-C cDNA clone pSBMV1 (Si-
vakumaran et al., in press) was used to construct the
deletion mutants pSBMV1-ORF1 EcoRV/MluI, pSBMV1-
ORF1 StyI/MluI, and pSBMV1-ORF1 MluI/HinfI. pSBMV1
was digested with MluI (SBMV-C nt 359) and EcoRV
(SBMV-C nt 271), StyI (SBMV-C nt 213), or HinfI (SBMV-C
nt 520). The digested ends were made blunt with Klenow
fragment (New England Biolabs) and religated. The in-
sertion mutant pSBMV1-ORF1 MluI was constructed
from pSBMV1 by digestion with MluI (SBMV-C nt 359),
and the digested ends were made blunt with Klenow
fragment and religated. The mutations were confirmed
by DNA sequencing.
Construction of plasmids containing the ORF2/GUS
fusion gene
Oligonucleotides SBMV83 and SBMV84 (Table 3)
were used to amplify SBMV-C nt 1–645 from pSBMV1
and all the SBMV-C mutants described above by PCR.
The PCR products were digested with EcoRI and NcoI
and cloned into EcoRI/NcoI-digested pRTL2-GUS (a
gift of Dr. Albrecht von Arnim, University of Tennessee)
(Restrepo et al., 1990). The plasmid generated with the
PCR product from pSBMV1 was designated pRTL2-
GUS/SBMV WT. The other plasmids were designated
according to the site of the mutation such as pRTL2-
GUS/SBMV A15U and pRTL2-GUS/SBMV EcoRV/MluI.
pRTL2-GUS/SBMV XhoI was constructed by cloning a
1.4-kbp XhoI fragment from pSBMV1 (SBMV-C nt 2096–
3168) into XhoI-digested pRTL2-GUS/SBMV WT. pRTL2-
GUS/SBMV U46A/U47C/C48A/A52G was generated by a
PCR overlap mutagenesis procedure (Horton et al., 1990).
pRTL2-GUS/SBMV WT was used as a template for two
PCR reactions using the oligonucleotide pairs SBMV83/
SBMV103 and SBMV84/SBMV102 (Table 3). The two re-
action products were gel-purified and used together in
an overlap PCR with oligonucleotides SBMV83 and
TABLE 3
Description of Oligonucleotides Used in This Study
Designation Sequence (59 to 39) Description
SBMV2 GGGGGTAATACGACTCACTATAGGCACAAAATATAAGAAGGAAAAGTGC Equivalent to SBMV-C nt 1–25 (underlined), T7
RNA polymerase promoter (bold)
SBMV3 GGGCAAAGTGAAGTTGGG Equivalent to SBMV-C nt 1637–1654
SBMV4 CGACGAGCGTAGCATGGGAGG Complementary to SBMV-C nt 3442–3462
SBMV5 CGCTTCCAGTACACCTGCCG Equivalent to SBMV-C nt 547–566
SBMV7 CCGCGCGAGATAAGAGC Equivalent to SBMV-C nt 3247–3263
SBMV8 GTCCGCCCAGGCTTTCCC Complementary to SBMV-C nt 1683–1700
SBMV9 GCGAAGCTCCACATGTTCGCAACTAGG Complementary to SBMV-C nt 602–628
SBMV22 CGCCCGGGCCATTCGGATAGCGCTCGG Complementary to SBMV-C nt 4176–4194
(underlined), SmaI restriction site (bold)
SBMV66 GGTTGAGGCCATGCCCAACAAGCTC Complementary to SBMV-C nt 218–242,
mutagenesis of nt 231 (underlined)
SBMV67 GGTGAATGTTCATGTCGTCGTAGAC Complementary to SBMV-C nt 487–511,
mutagenesis of nt 500 (underlined)
SBMV83 GGACGAATTCACAAAATATAAGA Equivalent to SBMV-C nt 1–14 (underlined), EcoRI
restriction site (bold)
SBMV84 CCGTCCATGGACGCATTTGCGCAC Complementary to SBMV-C nt 632–645
(underlined), NcoI restriction site (bold)
SBMV85 CCAATGTCTCATAAATGGTGAAACACAAAGG Complementary to SBMV-C nt 47–67, mutagenesis
of nt 50 and 51 (underlined)
SBMV102 GTGTACAATGGCTTATGAGACATTGG Equivalent to SBMV-C nt 42–67, mutagenesis of nt
46, 47, 48, and 52 (underlined)
SBMV103 GTCTCATAAGCCATTGTACACAAAGGTAGG Complementary to SBMV-C nt 33–62, mutagenesis
of nt 46, 47, 48, and 52 (underlined)
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SBMV84. The reaction product was gel-purified, digested
with EcoRI and NcoI, and cloned into EcoRI/NcoI-di-
gested pRTL2-GUS.
SBMV-C RNA isolation
SBMV-C RNA was prepared by incubation of SBMV-C
in 100 mM NaCl, 10 mM Tris–HCl (pH 8.0), 1% SDS, and
1 mM EDTA for 20 min at 37° followed by several extrac-
tions with phenol:chloroform (1:1).
In vitro transcription and translation
Capped and uncapped transcripts were synthesized
as previously described by Hacker and Sivakumaran
(1997) from SmaI-digested wild-type and mutant ge-
nome-length SBMV-C cDNA clones and from EcoRI-di-
gested pB3TP8, a cDNA clone of brome mosaic virus
(BMV) RNA3 (Janda et al., 1987). pB3TP8 was generously
provided by Dr. Cheng Kao (Indiana University). Follow-
ing the transcription reaction, template DNA was di-
gested with DNase I (Pharmacia), and RNA was sepa-
rated from unincorporated nucleotides by precipitation of
the RNA in 2.5 M ammonium acetate. Finally, the RNA
was resuspended in water and quantitated spectropho-
tometrically.
Translation reactions were performed in wheat germ
extract (Promega) in a final volume of 25 ml in the pres-
ence of [35S]methionine (1000 Ci/mmol; ICN). When the
cap analog m7GpppG was included in the translation
reaction, an equimolar amount of MgOAc was also
added. Otherwise, the MgOAc and KOAc concentrations
were maintained at 2.3 and 53 mM, respectively. Equal
volumes of the translation reactions were analyzed by
SDS–PAGE using 15% polyacrylamide gels. The gels
were dried, and radiolabeled proteins were quantitated
using the AMBIS Radioimaging System. The calculation
of the molar ratio of ORF1 to ORF2 translation products
was based on the presence of 2, 14, and 26 methionines
in p21, p70, and p105, respectively (Wu et al., 1987).
Transient ORF2/GUS expression in onion epidermal
cells
Epidermal peels of onion bulbs were placed on agar
plates containing Murashige–Skoog media (Murashige
and Skoog, 1962). Epidermal peels were bombarded with
tungsten particles coated with 2 mg of plasmid DNA
using the Bio-Rad Biolistic PDS-1000/He system as pre-
viously described (von Arnim and Deng, 1994). The peels
were incubated in the dark at 22° for 20 h and then
frozen in liquid nitrogen, ground with a mortar and pestle,
and lysed in extraction buffer containing 50 mM
NaH2PO4 (pH 7.0), 10 mM EDTA, 0.1% Triton X-100, 0.1%
sodium lauryl sarcosine, and 10 mM b-mercaptoethanol.
GUS assays were performed as previously described
(Jefferson et al., 1987). Briefly, 100 ml of the onion extract
was incubated with 1 mM 4-methylumbelliferyl glucuro-
nide at 37° for 1 h in a final volume of 1 ml. Following
incubation 200 ml of the reaction was added to 800 ml of
0.2 M Na2CO3. The fluorescence of 4-methylumbellifer-
one (MU) was measured with excitation at 365 nm and
emission at 455 nm using a Perkin–Elmer LS50B spec-
trofluorimeter. Total protein was determined by the
method of Bradford (1976) using a kit supplied by Bio-
Rad. The specific activity of GUS in pmol MU/min/mg
protein was determined using a standard curve of MU
fluorescence.
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